The mutagenicity of 255 compounds were examined under the same conditions using the improved Ames test. These compounds were detected frequently in environment, were suspected of high toxicity, or were used as the positive standards for several toxicity tests. The relationships between the chemical structure and the strength of the mutagenicity were analyzed. Thirty compounds of the 255 tested compounds showed mutagenicity. It was found that the compounds, which are unintentionally formed, tended to show mutagenicity in a higher ratio but the artificially synthesized compounds tended to show it in a lower ratio. The number of compounds showed indirect mutagenicity (+S9) were more than the number of compounds showed direct mutagenicity (-S9) in the tested compounds. The mutagenicity strength was different by several hundred thousand times among the compounds. Condensed polycyclic aromatic nitrohydrocarbons, on the whole, showed very strong mutagenicity. The compounds were classified by the positive conditions. All of the tested condensed polycyclic aromatic nitrohydrocarbons accounted for the greatest majority of the compounds which showed mutagenicity under all the conditions of TA98 ± S9 and TA100 ± S9. Only two specific compounds showed mutagenicity under the three conditions except for TA98-S9. Some compounds showed mutagenicity only under the conditions of -S9 but there were various kinds of compounds which showed mutagenicity only under the conditions of +S9. The compounds which showed mutagenicity under only one condition showed weak mutagenicity.
INTRODUCTION
The Ames mutagenicity test has many advantages such as a shorter test term, lower amount of test solution, a relatively higher sensitivity, better reproducibility and more quantitative estimation. 1, 2) Therefore, this test is carried out by many research institutions [3] [4] [5] [6] [7] [8] and is expected as a new evaluation method for testing the comprehensive toxicity of many pollutants.
However, though many compounds are evaluated by this test, there are few reports on the many environmental chemicals using the same method and conditions. Therefore, the mutagenicity of the compounds which are detected in environment samples are not apparent. Besides, most of the tested examples are qualitative or semi-quantitative. Therefore, we can not quantitatively compare the results in conventional reports.
In this study, we investigated the mutagenicity strength of 255 compounds using an improved Ames test, 9) and analyzed the relationships between the chemical structure and the mutagenicity strength.
MATERIALS AND METHODS

255
Compounds Tested ---The Ames test was carried out for 255 compounds as shown in Table 1 . These compounds were detected frequently in environment, were suspected of high toxicity, or were used as the positive standards for several toxicity tests. These compounds were prepared from the project, "Research on the development of the total evaluation technique for the hazardous impact of chemical substances on humans and the ecology" supported by the Fundamental Research for the Environmental Future from the Environment Agency of Japan. These compounds were classified by their structures and expressed by the following symbols, I: Substitutes of benzene and naphthalene, II: Condensed polycyclic aromatic hydrocarbons (more than two rings) and their substitutes, III: Nitrogen-containing cyclic compounds, IV: Other cyclic compounds, V: Non-cyclic organic compounds, VI: Pesticides (complex formula compounds), and VII: In-*To whom correspondence should be addressed: Graduate School of Environment and Information Sciences, Yokohama National University, 79-7 Tokiwadai, Hodogaya-ku, Yokohama 240-8501, Japan. Tel. & Fax: +81-45-339-4001; E-mail: kurano@ynu.ac.jp No. 6 organic compounds. These compounds were also classified in much detail within each group. Namely, the compounds in Group II were expressed with the following symbols, IIa: Condensed polycyclic aromatic hydrocarbons, IIb: Their nitro compounds, and IIc: The other substitutes.
Test Method for the 255 Compounds ---The improved Ames tests 9) were carried out using Salmonella typhimurium TA98 and TA100 without (-S9) and with (+S9) a metabolic activator S9 mix. The TA98 strain and TA100 strain, which were obtained from the National Institute of Public Health Japan, were used for detecting the mutagens that cause frameshifts and base-pair substitutions to DNA, respectively. The S9 was prepared using rat liver S9 induced by phenobarbital and 5,6-benzoflavone. The S9 and cofactor were purchased from the Oriental Yeast Co., Tokyo, Japan. Procedure for the test is as follows. The tester strains were precultured for 24 hr at 25°C in the Oxoid nutrient broth. A 0.1 ml test solution and 0.5 ml of the phosphate buffer or 0.5 ml of the S9 mix, and 0.1 ml of the culture of the tester strains were placed in the tubes. After preincubation at 25°C for 20 min with vortexing, 2 ml of the top agar was mixed with the solution in the tubes. The mixture was poured onto the minimal glucose agar plate and then evenly extended. After incubation for 48 hr at 37°C, the number of revertant colonies were counted.
This method is almost the same as the conventional Ames test method. 1, 2, 10) The difference from the conventional method is that the temperature of the preculture and the preincubation is reduced to 25°C in order to avoid hard work from early morning or till night and to carry out the test within the usual working time.
9) The pretests for the 255 compounds were carried out before detailed tests to judge the necessity for the detailed test as shown in Fig. 1 . However, 11 compounds which could not be obtained in 1 mM solutions were pretested in the concentrations shown in Table 1 and their 1/100 instead of 1 mM and 0.01 mM.
As for the compounds judged positive by the pretests, the detailed tests were done based on the results of the pretests. The numbers of net revertant colonies for a 10 -9 mol dose (net rev./nmol) were calculated from the slopes of the straight parts of the dose-response curves. If the slope of the doseresponse curve was clearly large from midstream, the slope in the higher dose area was used for the calculation.
The mean values and standard deviations of the mutagenicity strength for the positive controls in 16 times tests were 330 ± 19 net rev./nmol for TA98-S9, 89 ± 6 net rev./nmol for TA98+S9, 2300 ± 260 net rev./nmol for TA100-S9 and 200 ± 27 net rev./nmol for TA100+S9, respectively. 4-nitroquinoline-N-oxide and 2-aminoanthracene were used as the positive controls for the -S9 and +S9 test, respectively.
RESULTS AND DISCUSSION
Chemical Structures and Mutagenicity Existence of 255 Compounds
Thirty compounds were judged positive in the 255 tested compounds by the pretests. Table 2 shows the ratio of the positive compounds to the tested compounds for each structural group. The 73 compounds in the 74 tested substitutes of benzene and naphthalene (Group I) did not show any mutagenicity, and only one of chloronitrobenzenes showed mutagenicity. On the other hand, 15 compounds in the 17 tested condensed polycyclic aromatic hydrocarbons and their substitutes (Group II), which are formed by combustion processes, showed mutagenicity while only anthracene and benzo[e]pyrene did not show any mutagenicity. Their nitro compounds and the other sub- stitutes of them showed mutagenicity in all the 8 tested compounds. This was in contrast to the results of the nitro compounds of benzene and naphthalene. Nitrogen-containing cyclic compounds (Group III), which exist in burnt foods, also showed mutagenicity in the high ratio of 5 in 8. However, the 33 other cyclic compounds (Group IV) did not show any mutagenicity except for specific compounds such as N-nitrosodiphenylamine and aflatoxin B1. The 48 compounds in the 51 tested non-cyclic organic compounds (Group V) did not show any mutagenicity, and only tris(2,3-dibromopropyl)phosphate, 1,2,3-trichloropropane and 1,2-dibromo-3-chloropropane showed mutagenicity. Furthermore, the 51 compounds in the 54 tested pesticides (Group VI) did not show any mutagenicity, while only ziram, thiram and captans showed mutagenicity. Also, 15 compounds in the 16 tested inorganic compounds (Group VII) did not show any mutagenicity, while only potassium dichromate (VI) showed mutagenicity.
Thus, interestingly, the compounds which are unintentionally formed, such as the nitrogen-containing cyclic compounds, condensed polycyclic aromatic hydrocarbons and their substitutes, tended to show mutagenicity in a higher ratio but the artificial synthesized compounds including the pesticides tended to show it in a lower ratio. These unintentionally formed compounds were not individually managed, because there are too many kinds of compounds and each of them can hardly be determined. Therefore, the bioassay methods, which are able to perform inclusive evaluations, are very useful to manage these unintentionally formed compounds.
Mutagenicity Strength and Positive Conditions of 30 Positive Compounds
Examples of the dose-response curves are shown in Fig. 2 . The mutagenicity strength of the 30 positive compounds obtained from the dose-response curves by the detailed test using the same method and conditions are summarized in Table 3 . The mutagenicity strength were in the wide range of several hundred thousand times. The condensed polycyclic aromatic nitrohydrocarbons (Group IIb), on the whole, showed much stronger mutagenicity. The number of compounds showed indirect mutagenicity (+S9) were more than the number of compounds showed direct mutagenicity (-S9) in the tested compounds. The mutagenicity levels were classified by the sum of the mutagenicity strength SM (net rev./nmol) with and without the S9 mix for each strain, TA98 and TA100, and expressed in the following rankings: Rank SA is SM > Table 4 from the results shown in Table 3 .
All of the tested condensed polycyclic aromatic nitrohydrocarbons (Group IIb) showed mutagenicity under all the conditions of TA98 ± S9 and TA100 ± S9, and the dinitropyrenes showed very strong mutagenicity. These compounds accounted for the greatest majority of the compounds which showed mutagenicity under all the conditions. Only two specific compounds, aflatoxin B1 and captans appeared under three conditions but TA98-S9, and aflatoxin B1 showed strong mutagenicity. The compounds which showed mutagenicity only under the conditions of -S9 were only pyrene for TA98 and TA100 and N-nitrosodiphenylamine for TA100. Ten compounds showed only under the conditions of +S9 for TA98 and TA100, and 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) showed strong mutagenicity. The compound that showed mutagenicity only under TA98+S9 was 2-aminoanthraquinone. Eight compounds, especially four compounds of polycyclic aromatic hydrocarbons (Group IIa) were positive only under the conditions of TA100+S9, but all of these compounds showed relatively weak mutagenicity. All the compounds which showed mutagenicity under only one condition showed weak mutagenicity.
Most of the condensed polycyclic aromatic hydrocarbons (Group IIa) and their substitutes except for the nitro substitutes (Group IIc) showed mutagenicity under the condition of +S9, but only pyrene did not show mutagenicity with metabolism. Most of the nitrogen-containing cyclic compounds (Group III) also showed mutagenicity only under the condition of +S9 though only 4-nitroquinoline-Noxide (4NQO), which is widely used as a positive standard compound, showed mutagenicity under all the conditions. These fundamental data can serve to estimate what compounds contribute largely to mutagenicity strength of environmental samples and to estimate emission sources of the mutagens in environment.
Comparison with Literature Results
Of the 255 tested compounds, the mutagenicity data of 160 compounds have already been reported, 2, [11] [12] [13] [14] [15] [16] [17] and 48 compounds of the 160 compounds were reported as positive under at least one condition of TA98 ± S9 and TA100 ± S9.
Of the 30 compounds which were judged positive in this investigation, 18 compounds were found in these 160 compounds. Sixteen of the 18 compounds were judged positive and 2 compounds were judged negative in the literature. Fourteen of the 16 compounds were judged positive and 2 compounds were judged negative from the data in the literature [11] [12] [13] using the same criterion as in this investigation. Two compounds, N-nitrosodiphenylamine and pyrene, were judged positive in this investigation, though they were judged negative in the literature. 16, 17) Though the number of revertant colonies obtained in several doses was shown, the compounds were only judged positive or negative and their mutagenicity strength was not calculated using their slopes of the dose-response curves in most of the reports. Therefore, we roughly estimated the mutagenicity strength of the 2 compounds using the data from the literature. The mutagenicity strength of N-nitrosodiphenylamine in this investigation was 3.0 net rev./nmol under TA100-S9, but the value which was calculated using the data from the literature 16) was less than 0.49 net rev./nmol. The mutagenicity strength of pyrene in this investigation was 0.87 net rev./nmol under TA98-S9 and 1.5 net rev./ nmol under TA100-S9, but the values calculated N: The amount of addition which becomes MR = 2 is more than 100 nmol/plate, or the compound is not mutagenic under this condition. N*: The amount of addition which becomes MR = 2 is more than 20 nmol/plate, or the compound is not mutagenic under this condition. a) The slope of the dose-response curve in high dose area was used for the calculation because the slope became large from midstream.
from the literature 17) were less than 0.010 net rev./ nmol under TA98-S9 and less than 0.063 net rev./ nmol under TA100-S9. Thus the values calculated from the literature were several times or several tens lower than the values from this investigation. Therefore, it was considered that there were not only differences in the activities of the strains and the test procedure, but some mistakes such as in sample preparation. Therefore, these compounds were judged positive in this investigation but negative in the literature.
Two compounds, quinoline and 1,2,3-trichloropropane, were judged positive in this investigation and the literature, [11] [12] [13] though their data in the literature were judged negative by the same criterion as in this investigation. The mutagenicity 13) and 0.12 net rev./nmol. 12) Here, the S9 mix conditions of each literature were compared. Rat liver S9 induced by phenobarbital and 5,6-benzoflavone was used in the literature, 11) and rate of the S9 in S9 mix was 10% similar to this investigation. However, the rat liver S9 induced by aroclor 1254 was used in the literature 13) though the rate of S9 in the S9 mix was same as in this investigation. Rat liver S9 induced by PCB was 30% in the S9 mix in the literature. 12) Therefore, the reasons for the ten times variation were considered to be that the conditions of the S9 mix and activities of the strains and the test procedure were different. The mutagenicity strength of 1,2,3-trichloropropane in this investigation was 2.2 net rev./nmol under TA100+S9, but the value calculated from the literature 13) was 0.22 net rev./ nmol. The reason for this difference was considered that the S9 was induced by aroclor 1254 or that there were some mistakes such as sample preparation for the ten times difference.
On the other hand, 32 of the 48 compounds, which were judged positive in the literature, were not judged positive in this investigation. Three of the 32 compounds could be regarded as positive by the same criterion as in this investigation and the mutagenicity strength of 29 compounds were weak and were judged negative by the same criterion as in this investigation. Three compounds that included benzo[e]pyrene, o-tolidine and methylglyoxal were not judged positive in this investigation, but were judged positive in the literature [11] [12] [13] 17) by the same criterion as in this investigation. The mutagenicity strength of benzo[e]pyrene in this investigation was less than 0.33 net rev./nmol under TA98+S9 and less than 1.3 net rev./nmol under TA100+S9, but the values calculated from the literature 17) were 0.98 net rev./nmol under TA98+S9 and 3.2 net rev./nmol under TA100+S9. The mutagenicity strength of o-tolidine in this investigation was less than 0.42 net rev./ nmol under TA98+S9, but the values calculated from the literature were 2.1 net rev./nmol 11) and 1.0 net rev./nmol.
13) The mutagenicity strength of methylglyoxal in this investigation was less than 1.2 net rev./nmol under TA100-S9, but the value calculated from the literature 12) was 2.9 net rev./nmol. These differences might be caused by the differences in the activities of the strains, the test procedure and rat liver S9. 13, 17) Thus, the values of mutagenicity strength for a compound in previous reports were rather different by test institutions because they were obtained under various conditions. Therefore, our data obtained under the same conditions enabled us to compare mutagenicity strength of many compounds.
